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Gamma-ray emission after neutron capture:
Modeling for excitation energies involving strongly overlapping resonances

Jutta E. Escher
Lawrence Livermore National Laboratory, Livermore, CA 94550
(Dated: September 19, 2013)

Current libraries of neutron-capture gamma-ray spectra contain little or no data for incident
neutron energies above the thermal region. An effort is described for modeling gamma-ray spectra
following neutron capture to the energy regime of strongly overlapping resonances in the compound

nucleus.

I. MOTIVATION

Gamma-ray emission spectra following the interaction
of neutrons with an unknown sample of material give
valuable information on the composition of the material,
provided reliable and complete libraries of gamma-ray
spectra for neutron capture on a wide range of isotopes
are available.

Within the framework of an ongoing effort [4, 14] to
update and complete present libraries with the latest ex-
perimental gamma-ray information, complemented by a
modeling effort, an area in clear need of improvement
was identified. Specifically, it was recognized that current
libraries of neutron-capture gamma-ray spectra contain
little, no, or unreliable data for neutrons incident with
energies larger than thermal energy (E,, = 0.0253 eV for
T = 293°K).

II. COMPOUND-NUCLEAR DECAY BY
GAMMA EMISSION

A compound nucleus A + 1, created by neutron cap-
ture on a target A, decays by gamma-ray emission, neu-
tron evaporation, and possibly other channels, such as
charged-particle emission or fission. Gamma-ray emis-
sion often dominates at low-neutron energies, with com-
petition by neutron evaporation becoming stronger with
increasing excitation energy.

Thermal neutron capture results in gamma-ray spectra
that are frequently measured and recorded in libraries
for retrieval and use in transport codes. The measure-
ments are also used to determine thermal capture cross
sections. Limitations in experimental set-ups and anal-
yses require that the spectra are complemented by cal-
culations which model the gamma cascades in the de-
caying nuclei. For thermal capture, this can be done
with the code DICEBOX [1]. In this approach, nuclear
gamma-cascades are simulated by using the Monte-Carlo
method. The gamma-decay of an isolated, highly-excited
initial level in a medium or heavy nucleus is repeatedly
generated for individual, artificial events, and appropri-
ate averages are carried out, with account being taken of
the Porter-Thomas fluctuations involved. For capture to
the energy regime of resolved resonances in the interme-
diate compound nucleus, an extension of this approach

is underway [16].

At higher energies, the resonances overlap, until a
regime is reached where the statistical Hauser-Feshbach
approach [5] becomes applicable. The energies at which
the transitions from resolved to unresolved resonance re-
gion, and from unresolved to Hauser-Feshbach region oc-
cur, depends on factors such as the mass of the nucleus
and its location relative to closed nuclear shells. This
is illustrated in Figure 1, where with increasing neu-
tron energy, regions of resolved resonances, unresolved
resonances, and finally Hauser-Feshbach regime are tra-
versed. The latter is indicated by a curve that represents
an average.

A variety of codes are available to describe reactions
proceeding through this Hauser-Feshbach energy regime,
including TALYS [10], EMPIRE [6], STAPRE [17], etc. Rec-
ommended input parameters for model calculations can
be found in the literature [2].

ENDF/B-VII evaluations for selected isotopes of interest
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FIG. 1: Typical capture cross sections, for selected isotopes.
Shown are evaluated cross sections for neutron energies from
thermal to 20 MeV. The ENDF/B-VII evaluations, taken
from the NNDC database, are calculations based on exper-
imental data.

Modeling the gamma decay of a compound nucleus
involves a description of different types of gamma-rays.
Figure 2 shows the model space for a typical decay cal-
culation. For thermal capture, primary transitions to
discrete levels below E..;:, above FE..;;, and to energy
bins above E..; can occur. Furthermore, transitions be-



tween energy bins (continuum-to-continuum), as well as
transitions from energy bins to discrete levels, can occur.
Finally, there are transitions between discrete low-lying
states.

Transitions between discrete low-lying states have typi-
cally been measured in various experiments. Information
on the branchings for these levels is entered into calcu-
lations as input. Continuum-to-discrete and continuum-
to-continuum transitions can be modeled using suitable
level density and gamma-ray strength function descrip-
tions. This can be done for both thermal and Hauser-
Feshbach calculations. Primary transitions are sensitive
to the detailed structure of the initial, decaying (reso-
nance) state, as well as the final state reached in the
transitions. As the initial states are highly-excited many-
body states, a reliable theoretical description is not pos-
sible. For thermal capture, information on primary tran-
sitions can sometimes be obtained from measurements
and subsequently incorporated into the modeling effort.
For higher neutron energies, this experimental informa-
tion is typically not available. In the Hauser-Feshbach
regime, transitions from the energy bin populated ini-
tially by neutron capture to low-lying discrete levels is
determined by average quantities, such as level densi-
ties and gamma strength functions, and by the quantum
numbers of the final states. Consequently, the calculated
primary transitions cannot be taken to be precise pre-
dictions, but need to be interpreted in a manner that
involves averages over a range of neutron energies.
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FIG. 2: Gamma-ray spectra for the decay of typical com-
pound nucleus, following thermal neutron capture. Various
classes of transitions are shown. E.,;: refers to the excitation
energy in the compound nucleus below which all discrete lev-
els and their properties (spin, parity, decay branchings) are
taken into account. Figure from Ref. [15]

III. HAUSER-FESHBACH MODELING FOR
TUNGSTEN

Recent capture-gamma ray measurements for Tung-
sten isotopes are currently being evaluated for thermal
neutron capture [7-9]. The modeling described here is
designed to complement that effort. Similar calculations
have been carried out for Gadolinium, to complement an
analogous thermal evaluation [3], but are not shown here.

Hauser-Feshbach calculations were carried out for neu-
tron capture on '®6W with a modified version of the code
STAPRE [17]. The code was extended to make it possi-
ble to separately calculate primary gamma transitions to
discrete levels below FE.,.;;, transitions between discrete
low-lying states in ¥7W, and continuum contributions.
Primary transitions to discrete levels above E.,.;; are not
predicted by current codes. They are, along with primary
transitions to the continuum, contained in the ‘contin-
uum contributions.” Furthermore, continuum-to-discrete
transitions are not expected to show strong structures,
so they were not separated out, but included in the ‘con-
tinuum contributions’ as well.

Neutron transmission coefficients, needed to calculate
the population of the compound nucleus in the cap-
ture reaction as well as for describing the competing
neutron evaporation channel, were determined from a
coupled-channels calculation using ECIS [13] and the
optical model by Koning and Delaroche [11]. Gamma-
ray strength functions and level density parameters were
obtained from RIPL-3, the Reference Input Parameter
Library for nuclear reaction calculations [2]. Parameters
were adjusted to reproduce measured neutron capture
cross sections.

Calculations were carried out for neutron energies up
to 5 MeV. Selected results, for representative neutron en-
ergies, are shown in Figure 3. Each panel showns gamma-
ray production cross sections a function of gamma-ray
energy. The different panels show the results for dif-
ferent incident neutron energies, for E, = 0.083 MeV
(top), 2.195 MeV (middle), and 4.783 MeV (bottom).
Primary gamma-ray transitions are shown in maroon,
discrete transitions are indicated in green, and the con-
tinuum contributions are given in blue.

The overall energy-dependence of the neutron-capture
cross section strongly influences the cross sections for the
individual gammas. The drop in the gamma spectra with
increasing neutron energy is clearly visible. Also clearly
shown is the shift in the gamma-ray energies for the pri-
mary transitions with increasing energy. Transitions be-
tween discrete levels remain fixed in energy, but drop in
magnitude. The overall behavior of the cross sections is
as expected.

Results for Gadolinium show similar trends.
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FIG. 3: Gamma-ray spectra for the decay of "W, following neutron capture at energies E, = 0.083 MeV (top), 2.195 MeV
(middle), and 4.783 MeV (bottom). Primary transitions are shown in maroon, transitions between discrete low-lying states in
green, and the remaining continuum contributions are indicated in blue.



IV. OUTLOOK

This work has focused on gamma-ray modeling for the
decay of a compound nucleus excited to an energy regime
where resonance strongly overlap and a Hauser-Feshbach
description is appropriate. To achieve consistency with
the modeling at thermal energies and in the regime of
isolated resonances, use is being made of gamma-ray
branching ratios that have been verified in the model-
ing of the thermal capture process. Similarly, it is im-
portant to select level densities and gamma-ray strength
functions that reproduce measured low-energy average
resonance parameters, such as Dy, the s-wave resonance
spacing, and I'y, the average radiative width [12]. To
improve the modeling, special attention has to be given

to match the results obtained from the Hauser-Feshbach
modeling to the calculations carried out in the region of
isolated resonances. Both should yield reasonable agree-
ment in their respective extrapolations to the unresolved
resonance region. Work along these lines is underway.
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